also associated with poor functional status after 6 months (p = 0.002), independent from other clinical features such as history of previous stroke, diabetes, and age. In patients who failed medical management and underwent indirect revascularization surgery, high endostatin and angiostatin levels were also associated with low angiographic neovascularization (p = 0.02). The results of this study point to the striking importance of antiangiogenesis as a determinant of ICAD patient prognosis and suggest a possible new target for therapy.
Introduction
Intracranial atherosclerotic disease (ICAD) is one of the most widespread causes of stroke worldwide [1] [2] [3] . It accounts for at least 10% of all strokes in the USA [4] and as much as 67% in countries with predominantly Asian, Hispanic, and Black inhabitants, which constitute the majority of the world population [1] . ICAD carries a worse prognosis than other stroke etiologies, with an annual rate of recurrent stroke and death of 15-35% despite intensive medical management [5] [6] [7] . Recent randomized controlled clinical trials have shown that stenting and bypass surgery fail to improve outcomes in ICAD cases [8] [9] [10] . The high prevalence, poor prognosis, and lack of treatment options for ICAD necessitate the identification of meaningful markers of the disease evolution and new targets for development of improved therapeutic strategies.
Preliminary work by Arenillas and Navarro-Sobrino has explored angiogenesis as a potential contributor to the pathophysiology of ICAD and acute ischemic stroke Abstract Intracranial atherosclerotic disease (ICAD) is one of the most common causes of stroke worldwide and the one with the worst prognosis. In this study, we assessed the hypothesis that the balance of circulating pro-and antiangiogenic factors plays a role in the evolution of the disease and can be used as a potential marker for the disease course and a target for treatment. Seventy-four patients with severe ICAD were enrolled in this prospective observational study, medically optimized, and followed for 6 months. Thirteen pro-and eight antiangiogenic factors were measured in the participants' serum using a sandwich multiplex ELISA. Angiogenic profiles were calculated using principal component analysis. We tested the association between angiogenic profiles and recurring cerebrovascular events despite intensive medical therapy, disability at 6 months after enrollment, and angiographic neovascularization in patients who failed medical treatment and underwent indirect revascularization surgery. There is a strong association between a functionally antiangiogenic profile and recurrent stroke or TIA in patients with ICAD (OR = 7.2, CI 2.4-34.4). Multivariable regression analysis showed that this antiangiogenic profile was Electronic supplementary material The online version of this article (doi:10.1007/s10456-017-9578-1) contains supplementary material, which is available to authorized users. [11] [12] [13] . Arenillas et al. evaluated the proangiogenic vascular endothelial growth factor (VEGF) and the antiangiogenic endostatin in 40 patients with ICAD. They found that a higher ratio of endostatin/VEGF was associated with a higher number of intracranial atherosclerotic lesions and that elevated endostatin increased the risk for recurrent stroke at 13 months. However, this study was restricted to only two of the numerous known angiogenic factors and was conducted before the application of the current standards of intensive medical management. Navarro-Sobrino et al. evaluated 8 proangiogenic and 5 antiangiogenic factors in patients with acute ischemic stroke, showing that an acute antiangiogenic status determined by high endostatin plasma levels was associated with a worse long-term functional outcome. In this study, only 20% (n = 22) of the population included were cases of atherothrombosis, and no conclusions could be defined for that subpopulation.
Despite these important findings, the role of angiogenesis in ICAD has not been established. Determining the role and therapeutic potential of angiogenesis in ICAD requires an investigation of angiogenic molecules beyond VEGF and endostatin, and an evaluation of their relevance and interactions under intensive medical management and novel surgical treatments.
The investigation of numerous angiogenic factors as biomarkers poses several statistical challenges. The inclusion of multiple molecules and pathways generates data with high dimensionality that limits the meaningfulness of traditional inferential analysis. The absence of a full understanding of their correlations and interactions constrains the use of regression models to establish their association with clinical outcomes.
The study we are presenting aimed to determine the association between a broad spectrum of circulating factors and recurrent cerebrovascular events as well as functional outcomes in patients with ICAD. We conducted a prospective cohort study to evaluate the role of 21 circulating angiogenic factors, employing advanced statistical modeling to overcome the challenges mentioned above. Specifically, we tested the hypothesis that angiogenic phenotypes are associated with (1) the response to medical management in terms of stroke and transient ischemic attack (TIA), (2) functional clinical status at 6 months, and (3) angiographic neovascularization after encephaloduroarteriosynangiosis (EDAS) surgery.
Materials and methods

Population and study design
This prospective longitudinal cohort study involved patients diagnosed with ICAD in four hospitals in the Los Angeles metropolitan area where those patients initially presented due to past or current symptoms. Patients aged 25-85 years with a diagnosis of severe ICAD (≥ 70% stenosis) of any intracranial artery as measured by catheter, CT, or MR angiography between 2012 and 2014 were considered for inclusion. Independent vascular neurologists determined patient eligibility, based on the inclusion and exclusion criteria in Table 1 . The study received approval from the local institutional review boards, and informed consent was obtained from each participant.
Upon enrollment, medical management was optimized for all patients, and they were followed to determine treatment success. A patient's phenotype was defined as "nonresponder" to medical management if s/he had any signs of ischemic stroke or transient ischemic attack (TIA) events or "responder" if the patient was asymptomatic under medical management. Demographic data, cardiovascular risk-factor history, smoking history, physical activity status, medications, detailed neurological examination, and a modified Rankin score (mRS) score were recorded. Baseline blood chemistry, lipid panel, and HbA1c were obtained. Patients with recurrent symptoms despite adequate medical management were considered candidates for surgical revascularization and, if eligible, followed the management protocols of the EDAS Revascularization for Symptomatic Intracranial Arterial Stenosis Study (ClinicalTrials.gov identifier: NCT01819597).
Interventions
Medical management
Immediately upon enrollment, all patients underwent intensive medical treatment for primary risk factors (systolic blood pressure and low-density lipoprotein [LDL]), secondary risk factors (diabetes, non-high-density lipoprotein [non-HDL], smoking, obesity, and inadequate exercise) and antiplatelet medications. More specifically, patients with a history of high blood pressure or two or more consecutive measurements of systolic blood pressure > 140 mmHg were treated with at least one antihypertensive medication. Patients with hypercholesterolemia were treated with statin therapy to an LDLc goal of < 70 mg/dl. Patients with diabetes were managed medically to a HbA1c goal of < 6%. Patients were counseled to lose weight, cease smoking, and maintain physical activity with exercise for at least 30 min daily. In addition to the regular office visits, patients were contacted monthly by a research coordinator to promote compliance in medication and lifestyle changes.
Surgical management
The EDAS technique has previously been described in detail [14] . In summary, this is a revascularization procedure in which the superficial temporal artery (STA) is dissected from the scalp, while maintaining its proximal and terminal connections to the external carotid artery and the skin tissues, respectively. Then, the STA is placed under the skull in close proximity to the middle cerebral artery cortical branches. Over time neovascularization from the STA occurs providing flow to the intracranial circulation. Patients eligible for surgery continued intensive medical management with no interruption.
Follow-up
All patients underwent follow-up visits at 2 weeks and 1, 3, and 6 months after optimization. For patients who had an event on medical therapy and therefore underwent EDAS, postoperative visits occurred at 1, 3, and 6 months, with a follow-up catheter angiogram at 6 months. Additional visits were arranged for any patient if a potential TIA or ischemic stroke event was reported between scheduled follow-up visits. Vascular neurologists not involved in the analytical evaluation of the angiogenic factors determined whether TIA or ischemic stroke had occurred and assigned the mRS score for each patient at every evaluation point. The research coordination center monitored patient adherence to the scheduled visits, and transport services were provided to encourage patient adherence to the protocol.
Angiogenic factor measurements
Blood was collected at each visit in EDTA tubes. Serum was immediately separated by centrifugation at 3500 rpm for 15 min at 4 °C and stored in 2 cc cryovials at − 80 °C. Quantitative measurement of human angiogenic factors was taken using an enzyme-linked immunosorbent assay (ELISA Quantikine ® , R&D Systems, MN; RayBio ® , Raybiotech, GA; and Ciraplex ® Aushon Biosystems, MA, USA) to detect the plasma level of vascular endothelial growth factor (VEGF) isoforms 165a and 165b, VEGF-D, soluble VEGF receptor (VEGFR)1, VEGFR2, VEGFR3, plateletderived growth factor (PDGF)-AA, PDGFF-BB, fibroblast growth factor (FGF) b, hepatocyte growth factor (HGF), heparin-binding epidermal growth factor (HB-EGF), transforming growth factor (TGF) β1, TGF β2, bone morphogenic protein (BMP)-2, BMP-9, stromal cell-derived factor (SDF)-1, interleukin (IL) 4, thrombospondin (TSP)-1, TSP-2, endostatin, and angiostatin. These factors were selected after a review of the literature to obtain a broad representation of pro-and antiangiogenic factors. Each sample was analyzed twice, with the mean of the two values reported as the factor level. The mean intra-assay coefficient of variation (CV) was established with a threshold of less than 20% CV considered valid.
Statistics
Descriptive statistics were computed to summarize demographic and angiogenic factor data. A logarithmic transformation was used to correct for skewness in the angiogenic factor data (transformed angiogenic factor [Tr Angiogenic Factor] = ( n Angiogenic factor + 1). Principal component analysis (PCA) was applied to the angiogenic factors to reduce data dimensionality and derive the equations for composite indexes denominated as angiogenic profiles (APs). Using PCA we were able to reduce the number of predictor variables from twenty-one angiogenic factors to seven principal components (APs) that preserve as much of the whole data variability (i.e., statistical information) as possible. Figure 1 illustrates the reduction of 21 angiogenic factor variables to seven principal components. Each principal component, denominated AP (1-7), contains an eigenvector and an eigenvalue that summarize the initial dataset. As no p values are computed during the creation of the APs, this methodology does not increase the false discovery rate but captures as much of the variability in the original data as possible. The inferential analysis included APs with eigenvalues higher than or equal to 1.0. We selected this threshold because the components with eigenvalues above 1 accounted for 75% of the total variance. The APs were calculated for each subject and constituted predictor variables in the subsequent statistical analyses. If more than one AP was associated with a specific response, the coefficients of the regression were used to resolve the final angiogenic profile associated with the outcome variable.
To evaluate the association of the APs with failure of medical management, a stepwise logistic regression model was built using the APs first as predictor variables. Subsequently, the significantly associated APs were incorporated in a multivariable logistic regression including the relevant clinical predictor variables: age, gender, previous stroke, hypertension, hypercholesterolemia, diabetes, and obesity (defined as a BMI ≥ 30). Each model's fitness was evaluated using R-square and AUC of the corresponding ROC. An odds ratio was calculated for each variable from the regression parameters with their corresponding 95% confidence intervals.
The association between APs and functional outcomes at 6 months was evaluated with a multivariable ordinal logistic regression model. This model included age, gender, baseline mRS score, and the APs as the predictor variables. The outcome variable was the mRS score at 6 months. Significant findings were further investigated by constructing a prediction profiler using the ordinal model with 5000 simulation runs of random factor settings.
The association between APs and revascularization after surgical management was investigated in individuals failing medical management who underwent EDAS surgery. For this, a "neovascularization index" was defined as the Perren grades [15] plus an additional point if evidence of collaterals in the ASITN grades was observed in cerebral angiography 6 months after surgery. We built a linear regression model using stepwise regression with a minimum BIC stopping rule and backward direction for the outcome variable neovascularization index, including predictor variables: age, diabetes, smoking history, and baseline APs.
Finally, selected by the coefficient composition of the APs significantly associated with clinical outcomes, the main constituent angiogenic factors were compared between the outcome groups with two-sided student's t test and one-way ANOVA for the transformed data. contribution to the data variability by their length and diameter. B represents the principal components, the new variables (APs) resulting from the PCA, which encompasses the whole data variability but in a summarized manner. The final product of the APs direction (eigenvector) and diameter (eigenvalue) represents the complete data variance. A set of the first seven principal components (AP1-AP7) contained in this dataset 75% of the total data variability, allowing for an elimination of their high correlations and a reduction in the number of variables used for the inferential analyses 94.9% for statins use, and 100% for diabetes management and smoking cessation. At presentation, the most common mRS score was 1. During the 6-month follow-up period, 29 (39.1%) patients receiving medical therapy had recurrent cerebral ischemic events, including 3 who had only TIAs, 17 who had ischemic strokes without TIAs, and 9 who had both TIAs and ischemic strokes. As Table 2 shows, while non-responders and responders were largely similar in age, gender, race, ethnicity, location of the qualifying lesion, compliance with medical therapy, and general cardiovascular risk factors, non-responders less often had a history of stroke and a worse baseline disability status. Measurements of all 21 angiogenic factors are given in Table 3 for responders and non-responders to medical therapy. Transformed angiogenic factor values were used to conduct the principal component analysis, which generated seven APs with eigenvalues higher than 1. These APs were named "AP1" to "AP7" in the order of decreasing eigenvalue. Figure 2 illustrates the principal components and their contributing angiogenic factors. The coefficients for each transformed angiogenic factor are provided in Supplementary Table 1 .
Association of angiogenic profiles and recurrent ischemic events
The logistic regression model evaluating the association between the APs and phenotypic outcomes of responder and non-responder reached statistical significance (p = 0.001, R-square = 0.24, AUC = 0.81, 68.9% sensitivity, 80% specificity). As Table 4 indicates, the only AP significantly associated with the non-responder outcome was AP4 (p = 0.02), odds of non-responder being 2.1 (95% CI 1.2-4.1). AP4 was then evaluated in a multivariable logistic regression including the relevant clinical predictor variables: age, gender, previous stroke, hypertension, hypercholesterolemia, diabetes, and obesity. Table 5 describes the multivariable logistic regression model parameter results and odds ratios. The model reached statistical significance (p < 0.0001, R-square = 0.62, misclassification rate = 0.09, AUC = 0.96, 93.1% sensitivity, 89% specificity). In the multivariable model, AP4 was the only significant predictor parameter, with a p = 0.003, odds of non-responder being . AP4 is characterized by higher levels of HGF and the antiangiogenic factors VEGFR1, endostatin, and angiostatin. We compared the major angiogenic factor components of AP4 between outcome groups. Figure 3 contrasts in two three-dimensional scatterplots the angiogenic factors data from patients responding to medical management and those not responding. The combination of the AP4 components HGF, angiostatin and endostatin levels generates a clear differentiation between responders and non-responders to medical management. Other factors such as VEGFA 165a, FGF, and PDGFAA, for example, did not permit such clear differentiation.
Finally, the mean blood levels of the transformed HGF, VEGFR1, and angiostatin were significantly higher among non-responders to medical management, as shown in Fig. 4 . The mean levels of Tr-HGF were 6.27 ± 0.92 pg/ mL among non-responders compared to 5.39 ± 0.6 pg/ mL in the responders to medical management (p < 0.001).
The mean levels of Tr-VEGFR1 were 5.27 ± 0.64 pg/mL among non-responders compared to 4.78 ± 1.6 pg/mL in the responders to medical management (p = 0.01). The levels of Tr-angiostatin were also higher in the non-responders (6.59 ± 0.35 ng/mL) versus responders (6.43 ± 0,23, p = 0.042). There was no statistically significant difference in the levels of Tr-endostatin (2.35 ± 0.12 in the nonresponders vs. 2.38 ± 0.15 in the responders to medical management).
Association of angiogenic profiles and functional outcomes at 6 months
The multivariable model evaluating the association between the APs at baseline and functional outcomes in terms of mRS score at 6 months after enrollment reached significance with a p = 0.01, R-square = 0.23, and a minimum AUC = 0.82. As described in Table 6 , there was a significant association between the AP4 at baseline and the 6-month mRS score (p = 0.002), independently of age, gender, and baseline mRS score. No other predictor variable had a significant association with the functional outcomes. The association between AP4 and the individual mRS scores at 6 months was further investigated using a prediction profiler. Figure 5 shows the association of the AP4 with dichotomized functional outcomes at 6 months. Patients with poor functional outcomes (mRS ≥ 4) had significantly higher levels of the AP4 (p = 0.004).
The comparison of the angiogenic factor components of AP4, Tr-HGF and Tr-angiostatin, between functional outcomes groups at 6 months, revealed significant higher levels of HGF on individuals with poor functional performance than in those with good functional outcome (1276.1 ± 1312.6 pg/mL vs. 327.6 ± 324.7 pg/ml, respectively, p = 0.017). The levels of angiostatin were also higher in those with poor functional outcome (818.5 ± 200 ng/mL vs. 655.7 ± 201.3), but such difference was not statistically significant (p = 0.1) Fig. 6 .
Association of angiogenic profiles and angiographic neovascularization after EDAS at 6 months
Among the 29 patients who failed medical management, 15 underwent EDAS revascularization. Five were male and 10 female, with a mean age of 60.7 (SD ± 12.7, range 32.1-83.3) years. Eleven patients completed angiographic follow-up 6 months after surgery. The stepwise regression model evaluating the predictor variables described in Table 7 and the neovascularization index outcome variable reached statistical significance (p = 0.02, R-square = 0.93). Significant predictors of the degree of revascularization included age, diabetes, and APs 1 to 6 at baseline. The regression formula solution for the significant AP components revealed a strong negative association with the antiangiogenic factors endostatin and angiostatin. Figure 7 illustrates the resolved formula coefficients for all angiogenic factors from the significant APs in association with the neovascularization index. Parameters between 1 and − 1 account for little of the variance. Endostatin and angiostatin are the most important.
Discussion
This study included 74 patients with confirmed ICAD of at least 70% of intracranial vessels who underwent strict medical management. Twenty-nine (39.1%) of these patients had recurrent cerebral ischemic events during the 6-month follow-up despite intensive medical management. This higher than expected proportion of non-responders can be attributed to several factors. We included TIAs as criteria of failure to medical management, the majority of patients in the current study were older than 60, and 30% had a stenosis in the internal carotid artery. These last two factors have been previously associated with an increased risk for recurrent events [5] .
We measured 13 proangiogenic and 8 antiangiogenic factors and evaluated their association with failure of medical management over 6 months. We also measured their correlation with functional status at 6 months, and, in those patients receiving EDAS surgery after failed medical management, with angiographic neovascularization. To reduce the data dimensionality and avoid the limiting effects of strong correlations between angiogenic factors for statistical analysis, we defined APs that summarize these factors using PCA [16] . Among the seven angiogenic profiles identified to explain the variance between angiogenic factors, AP4 was the most antiangiogenic, based on its PCA coefficients. This functionally antiangiogenic profile and its components (HGF, VEGFR1, angiostatin and endostatin) were stronger predictor of recurrent cerebral ischemic events than other clinical features, including a history of previous stroke, diabetes, and age, raising the odds of recurrent events sevenfold. They were also predictors of poor functional status independent of baseline mRS score and age. Lastly, digital subtraction angiographic evaluation of patients who received an indirect revascularization with EDAS showed a negative correlation between neovascularization and endostatin and angiostatin. Altogether, the results of this study point to the striking importance of antiangiogenesis as a determinant of ICAD patient prognosis. Angiogenesis has been studied in peripheral vascular disease and myocardial ischemia [17, 18] . However, only limited evaluations of angiogenesis's role in stroke and intracranial atherosclerosis have been conducted by Arenillas et al. [11] and Navarro-Sobrino et al. [12, 13] , as previously discussed. Our use of PCA in the current study allowed us to concurrently probe multiple pro-and antiangiogenic factors, despite the complex biology of their interactions and roles in response to cerebral ischemia in ICAD. The statistical approach revealed high correlations among different inhibitors of angiogenesis that constituted AP4: endostatin, angiostatin, and VEGFR1. In addition, when more than one AP was significantly associated with an outcome, as with the neovascularization index, the model's solution revealed a predominant correlation between endostatin and angiostatin and a strong negative association with neovascularization. Our study confirms the previously suggested association between endostatin and the disease's progression and reveals that ICAD has a complex antiangiogenic profile dependence also involving angiostatin and VEGFR1. [19] The underlying mechanism of this association is unknown, but a role for angiogenesis in large artery atherosclerotic plaques has been advocated [20] . However, the actual role of proangiogenesis in the small intracranial arteries has been questioned [11] . One reason for the reported association between elevated HGF and risk for stroke may be that hypoperfusion results in an increased proangiogenic signaling that leads to increased HGF but remains unmet due to prevailing antiangiogenic factors. In this case, the elevated levels of HGF would indicate a persistent but unmet need for collaterals. Unfortunately, no antiangiogenic factors were measured by Rajpathak et al. [19] . Another possible reason may be found in HGF's molecular structure. That is, HGF is an αβ heterodimer, which is proangiogenic in its heterodimeric form only. Naturally occurring and artificially produced fragments of the α subunit, however, are antiangiogenic in function [21] [22] [23] . It may therefore be that apparent increases in HGF result from increased concentrations of the antiangiogenic α subunit fragments NK1 and NK2, which would fit with our observation that increases in antiangiogenic molecules predict poorer outcomes. We cannot rule out that the methodology used to quantify HGF detected those fragments, since epitope mapping of the antibody and cross-testing with NK1 and NK2 have not been performed.
Several treatment strategies for ICAD have been assessed, including medical management, reduction of the stenosis via stenting, direct revascularization via bypass, and indirect revascularization via EDAS. Of these, strict medical management appears to reduce the risk of embolism, but not progression of the stenosis or the effects of the resulting hypoperfusion [24] . As of now, strategies to directly reduce the stenosis or its resulting hypoperfusion via stenting or bypass have not proven successful in clinical trials [8] [9] [10] . The induction of neovascularization via EDAS surgery [24, 25] , which relies on angiogenesis, has yielded encouraging initial results [14] and is under investigation. Pharmacological control of angiogenesis in the brain, however, still remains to be assessed and may present a promising alternative for mitigating the poststenotic hypoperfusion. The results of the present study suggest that controlling the antiangiogenic factors could be particularly effective. Notably, this observed association was independent of conventional risk factors such as age, smoking history, hypercholesterolemia, diabetes, obesity, or hypertension. This indicates that antiangiogenesis is an unappreciated risk factor for stroke and adverse outcomes.
In summary, this prospective cohort study of patients with severe ICAD identified a circulating angiogenic profile characterized by a high correlation between factors HGF, endostatin, angiostatin, and VEGFR-1, which was independently and significantly associated with failure of medical management and poor functional status after 6 months. Moreover, the study showed that elevated levels of endostatin and angiostatin were significantly associated with reduced neovascularization after EDAS surgery. Altogether, these findings identify antiangiogenesis as a key component of ICAD failure under medical management and suggest the benefit of defining new pharmaceutical strategies centered on regulating endogenous antiangiogenesis to protect against stroke. Fig. 7 Association between the level of the individual angiogenic factors and neovascularization after EDAS surgery as calculated from the solution of the regression coefficients of the APs. The graphic indicates that high levels of endostatin and angiostatin were negatively associated with revascularization rates at 6 months after EDAS
